We examined different characteristics of the second derivative of the finger photoplethysmogram (SDPTG) and brachial-ankle pulse wave velocity (BAPWV) for assessing arterial function in a large general population, along with the alteration of SDPTG in hypertension.
T he development of cardiovascular diseases is attributed to pathologic changes in the structure and function of arteries. The progression of arterial wall changes is accelerated by the presence of cardiovascular risk factors, including hypertension. [1] [2] [3] Recent technologic advances in assessing the properties of arterial walls may make it possible to identify individuals with cardiovascular risk earlier and apply therapeutic interventions for preventing complications.
So far, several noninvasive methods have been developed for quantitatively evaluating arterial wall distensibility using the pulse wave. 1 The measurement of pulse wave velocity (PWV) is one of the most representative methods for assessing arterial stiffness. 4 -10 Another method for evaluating arterial properties uses the finger photoplethysmogram (PTG). 7, [11] [12] [13] The second derivative of the finger photoplethysmogram (SDPTG) is a simple and convenient technique for pulse wave analysis and serves as a marker of vascular aging. 11 Previous studies have shown some associations of SDPTG with the existence of cardiovascular complications in hypertensive patients. 14, 15 We recently demonstrated that SDPTG indices and carotidfemoral PWV (CFPWV) provide different information about arterial characteristics. 7 However, the clinical significance of SDPTG in the evaluation of arteriosclerosis for the general population still remains uncertain, because the determinants of SDPTG indices have not yet been fully evaluated. Moreover, it has not been clarified whether hypertension itself induces any alterations in SDPTG waveform independently of other cardiovascular risk.
In the present study, we conducted a cross-sectional population survey to establish the determinants of brachial-ankle PWV (BAPWV) and SDPTG indices in the general population and to clarify the differences in these arterial markers between normotensive and hypertensive subjects.
Methods

Subjects
The present study was based on a health examination survey performed on members of the population age 34 years or older and resident in the town of Ohasama, Japan. The geographic and demographic characteristics of Ohasama have been reported elsewhere. 16, 17 Of 1739 individuals who underwent the health examination, 1190 completed both BAPWV and SDPTG measurements and both anthropometric and biochemical examinations. Subjects were excluded from the present analysis if they were taking antihypertensive medication (n ϭ 242). The study included 848 individuals (544 normotensive and 304 untreated hypertensive subjects). Of the 848 subjects, 30 (3.4%) had a past history of cardiovascular disease. The study protocol was approved by the Department of Health of the Ohasama Town Government. Informed consent was obtained from all subjects.
Basic Examinations
Brachial systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured with the subject sitting after at least 2 min of rest, using an automatic device based on the cuff-oscillometric method (HEM-907, Omron Healthcare, Kyoto, Japan). Pulse pressure (PP) and mean arterial pressure (MAP) were calculated according to the formulae: PP ϭ SBP Ϫ DBP, and MAP ϭ [SBP ϩ (DBP ϫ 2)]/3, respectively. Individual BP and heart rate (HR) were defined as the average of the two readings. Hypertension was defined as a SBP Ն 140 mm Hg and/or DBP Ն 90 mm Hg. 18 Body height and weight were measured in each subject. Blood samples were drawn to determine plasma total cholesterol, high-density lipoprotein (HDL) cholesterol, and hemoglobin A 1c (HbA 1c ).
Information concerning current smoking status, treatment of hypertension, hypercholesterolemia, and diabetes was obtained from questionnaires sent to the subjects before the examinations, and this information was confirmed by specifically trained medical staff on the day of the examinations.
Measurement of SDPTG
After basic examinations, the finger PTG and SDPTG were recorded using a transducer placed on the cuticle on the second finger of the left hand. The signal was fed to an automatic analytical device FCP-4731 with the aid of a pulse-wave input box IB-70 (Fukuda Denshi, Tokyo, Japan). Details of the methodology for PTG and SDPTG measurements have been reported elsewhere. 7, 11, 19 Briefly, the PTG expresses changes in the absorbance of hemoglobin using a waveform and thus reflects regional blood flow changes (Fig. 1) . The SDPTG is obtained to specify inflection points on PTG waves, and consists of five waves, a to e. The a, b, c, d, and e waves represent the initial positive, early negative, re-increasing, late re-decreasing, and diastolic positive waves, respectively. To describe these SDPTG components quantitatively, the height of each wave was measured from the baseline, the values above the baseline being positive and those under it negative, and was termed a to e. As in our previous study, 7 absolute values for the height of the waves a, b, and d were referred to as A, B, and D, respectively. The B:A ratio was calculated as the ratio of B to A, and the D:A ratio as the ratio of D to A. The aging index (AGI) was defined as (b Ϫ c Ϫ d Ϫ e)/a, according to a previous study by Takazawa et al. 11 In general, the B:A ratio, the D:A ratio, and the AGI have been considered as markers of the distensibility of large arteries, the intensity of the reflected wave from the periphery, and vascular aging, respectively. 7, 11 The validation of this automatic device and the reproducibility of SDPTG indices have been previously reported. 11, 14, 19 
Measurement of BAPWV
Subsequently to the SDPTG recording, BAPWV was measured, using an automatic device, Form PWV/ABI (Colin AT, Komaki, Japan). The methodology for measurement of BAPWV using this device has been described. 20, 21 The device is equipped with four pneumatic pressure cuffs that are used for pulse volume wave recordings at both the arms and ankles. Instantaneous pressure changes in the cuffs were detected by transducers while the cuffs were inflated at 60 mm Hg (if DBP Ͼ 60 mm Hg) or 5 mm Hg lower than DBP (if DBP Յ 60 mm Hg) for 9 sec. The oscillations of pressure signals, which express volume changes in the limb segment caused by BP changes, were recorded as pulse volume waves. Thus, the BAPWV was determined as the length of an arterial segment divided by the transit time of the pulse wave: 
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Statistical Analysis
Using univariate analysis, we first assessed the relationships between BAPWV and their potentially related variables. Univariate linear regression analysis and the Student t test were used for continuous variables and for categorical variables, respectively. Thereafter, multivariate stepwise linear regression analysis was performed using the following variables: age, gender, body height, body weight, SBP, HR, total cholesterol, HDL cholesterol, HbA 1c , current smoking status, treatment of hypercholesterolemia, and treatment of diabetes. Furthermore, using multiple stepwise logistic regression analysis, we examined factors related to an elevated BAPWV. Based on the BAPWV data in 848 subjects, those individuals whose BAPWV exceeded the mean ϩ SD were defined as having a high BAPWV. The adjusted-odds ratios (OR) and 95% confidence intervals (CI) of cases with a high BAPWV were determined using potentially relating categorical variables, namely, age: younger (Ͻ60 years), older (Ն60 years); gender: male, female; obesity (defined as BMI Ն 25 kg/m 2 , according to the criterion by Japan society for study of obesity): yes, no; current smoking: yes, no; hypertension: yes, no; HR, lower (Ͻ68/min), higher (Ն68/ min); hypercholesterolemia (plasma total cholesterol Ն 240 mg/dL): yes, no; an elevated HbA 1c (Ն5.8%): yes, no; treatment of hypercholesterolemia: yes, no; treatment of diabetes: yes, no.
Similar univariate and multivariate analyses were performed on SDPTG indices, namely, B:A and D:A ratios and AGI. In multiple stepwise logistic regression analysis, we examined factors related to low B:A ratio, high D:A ratio, and high AGI because the results of a previous study indicate that, as arteriosclerosis progresses, the D:A ratio and AGI become higher and the B:A ratio lower.
11 Based on the data on SDPTG indices in all subjects, those subjects with a B:A ratio below the mean Ϫ SD, those with a D:A ratio above the mean ϩ SD, and those with an AGI above the mean ϩ SD were considered to have a low B:A ratio, a high D:A ratio, and a high AGI, respectively.
Comparisons between two groups were made using the Student t test or 2 test when appropriate. Multivariate comparisons of BAPWV and SDPTG indices between normotensive and hypertensive subjects were performed by analysis of covariance (ANCOVA) using the same covariates as multiple linear regression analysis (except for SBP). Relationship between SDPTG indices and BAPWV was assessed by univariate and multivariate correlation analyses.
The data are expressed as the mean Ϯ SD. Differences at P Ͻ .05 were accepted as being statistically significant. All statistical analyses were performed with SPSS software version 11.0 (SPSS Inc., Chicago, IL).
Results
Characteristics of Study Population
The study population consisted of 294 male and 554 female subjects and the mean age of the population was 60.8 Ϯ 11.2 years (range, 34 to 88 years). Characteristics of normotensive and hypertensive subjects are given in Table 1 . The hypertensive subjects were older and had higher BMI, HR, and total cholesterol level than the normotensive subjects. There were no differences in the gender ratio, HbA 1c , current smoking status, or treatment of hypercholesterolemia or diabetes between normotensive and hypertensive subjects. Table 2 shows the mean values of cardiovascular parameters, BAPWV, and SDPTG indices in the subjects.
Factors Influencing BAPWV
In univariate linear regression analysis, the BAPWV was significantly and positively correlated with age and BP (Table 3) . Among the BP components, SBP had the strongest correlation with BAPWV, with a correlation coefficient of 0.70. The HR was also positively correlated with BAPWV. There was no difference in BAPWV between male (1640 Ϯ 366 cm/sec) and female (1633 Ϯ 438 cm/sec) subjects (P ϭ .82). Although the BAPWV in the subjects treated for hypercholesterolemia (n ϭ 36) or diabetes (n ϭ 23) was not different from that in the remainder (1661 Ϯ 375 v 1635 Ϯ 416 cm/sec, P ϭ .71; 1697 Ϯ 388 v 1634 Ϯ 415 cm/sec, P ϭ .47), total cholesterol and HbA 1c values were significantly and positively correlated with BAPWV.
As expected, the BAPWV in untreated hypertensive subjects was higher than that in normotensive subjects (Fig. 2) . A significant BAPWV difference between hypertensive and normotensive subjects was also observed when adjusted for possibly relevant factors.
Multiple stepwise linear regression analysis revealed that SBP, age, HR, and HbA 1c were independently and positively correlated with BAPWV, accounting for 66% of the variance (Table 4 ). There was no independent association between BAPWV and gender, body height, body weight, total cholesterol, HDL cholesterol, smoking status, or treatment of hypercholesterolemia or diabetes.
According to the multiple stepwise logistic regression analysis in which adjustment was performed using various confounding factors, older subjects showed an approximately 15 times greater risk of having a high BAPWV (Ն2050 cm/sec) than younger subjects ( Table 5 ). The presence of hypertension was significantly and independently associated with a greater risk of high BAPWV. There was also significantly greater likelihood of having high BAPWV for subjects with an elevated HbA 1c compared with those with a normal HbA 1c .
Factors Influencing SDPTG Indices
Univariate analysis showed that age, BP, and total cholesterol were correlated positively with the D:A ratio and AGI and negatively with the B:A ratio (Table 3) . Body height and weight were significantly correlated with the SDPTG indices. Male subjects had a significantly lower AGI (Ϫ0.178 Ϯ 0.325) and a higher B:A ratio (0.508 Ϯ 0.153) than female subjects (Ϫ0.044 Ϯ 0.278, P Ͻ .001; and 0.446 Ϯ 0.133, P Ͻ .001, respectively). Heart rate was correlated positively with the B:A ratio and negatively BAPWV ϭ brachial-ankle pulse wave velocity; other abbreviations as in Fig. 1 and Table 1 . (Table 4 ). Age and SBP were correlated positively with the D:A ratio and AGI and negatively with the B:A ratio. Conversely, HR was correlated negatively with the D:A ratio and AGI and positively with the B:A ratio. Body height was an additional independent factor relating to the B:A ratio. The SDPTG indices did not have any independent relationships with total cholesterol or HbA 1c level, or treatment of hypercholesterolemia or diabetes. Compared with normotensive subjects, hypertensive subjects had a significantly higher D:A ratio and AGI, and a lower B:A ratio (Fig. 2) . Even after adjustment for multiple confounding factors, these differences between both sets of subjects were also found to be statistically significant.
Multivariate logistic regression analysis revealed that older age was independently associated with greater risks of high AGI (Ն0.22), high D:A ratio (Ն0.50), and low B:A ratio (Յ0.32) ( Table 5 ). In addition, hypertensive subjects showed approximately twofold greater adjusted odds of having high D:A ratio or low B:A ratio compared with normotensive subjects. Neither hypercholesterolemia nor elevated HbA 1c level was significantly associated with those risks. Male gender and higher HR were independent factors that were associated with a lesser risk of a low B:A ratio.
Correlation Between SDPTG Indices and BAPWV
In normotensive subjects, the B:A ratio, D:A ratio and AGI were mildly correlated with BAPWV (r ϭ Ϫ0.26, 0.34, and 0.30, respectively; P Ͻ .001 for all). When adjusted by age, a significant correlation was still observed only for the D:A ratio (partial r ϭ 0.12, P ϭ .006) but not for the B:A ratio or AGI. The correlation between the D:A ratio and BAPWV was no longer found after further adjustment by age and SBP. In hypertensive subjects, univariate analysis showed no significant correlations between SDPTG indices and BAPWV.
Discussion
It has been suggested that the finger PTG provides useful information about arterial properties.
7,11-13 The SDPTG has been used primarily for assessing age-dependent
FIG. 2. Univariate and multivariate comparisons in BAPWV and
SDPTG indices between normotensive subjects (□, n ϭ 544) and hypertensive subjects (, n ϭ 304). Data are mean Ϯ SE. AGI ϭ aging index of SDPTG. *P Ͻ .05, **P Ͻ .001 v values in normotensive subjects, based on Student t test (for crude values) or analysis of covariance (for adjusted values). †Adjusted by age, gender, body height, body weight, heart rate, total cholesterol, HDL cholesterol, HbA 1c , cigarette smoking, treatment of hypercholesterolemia, and treatment of diabetes. Tables 1 and 2 .
changes in the vasculature. 11 The results of our previous study in treated hypertensive patients suggested associations of various cardiovascular risk factors other than age with SDPTG indices. 7 To our knowledge, the present study is the first to demonstrate, in a large population including normotensive and untreated hypertensive subjects, that the SDPTG is capable of detecting vascular changes induced by hypertension. Considering the results of a previous study showing a relationship between SDPTG and the existence of cardiovascular atherosclerotic complications in hypertensive patients, 14 the hypertension-induced SDPTG changes observed in the current study are likely to reflect some structural alterations in the arterial wall properties as well as the functional alterations.
Previous studies have postulated that a lower B:A ratio, a higher D:A ratio, and a higher AGI could be signs of arteriosclerosis. 11 The present analysis revealed that, even after adjustment for multiple factors, the B:A ratio was significantly lower and the D:A ratio and AGI were significantly higher in hypertensive subjects than in normotensive subjects. Moreover, multivariate logistic regression analysis showed that hypertensive subjects had greater risks of having low B:A and high D:A ratios than did normotensive subjects. These results accurately reflect the phenomenon that hypertension accelerates the progression of arteriosclerosis with age, and indicate clinical usefulness of the SDPTG.
The a and b waves in the SDPTG correspond to the early systolic component of the PTG, and the B:A ratio has been considered as a marker of the distensibility of large arteries, which is little affected by the reflection wave. 11, 23 Therefore, the present study showing an independent correlation of BP with the B:A ratio indicates a decrease of arterial distensibility with increasing BP. In contrast, the d wave corresponds to the late systolic component of the PTG, which is related to the reflected pulse wave traveling backward from peripheral sites. The D:A ratio is closely related to the late systolic pressure augmentation in the ascending aorta, 11 and therefore it is regarded as a marker of the intensity of wave reflection. The observed significant relationship between the D:A ratio and BP may be explained by the fact that BP influences the amplitude and timing of the reflected wave. 1 The AGI has been proposed specifically as a marker of vascular aging, 11 and actually in this study showed the strongest correlation with age among SDPTG indices. The observed positive correlation between BP and AGI, which is independent of age, also indicates an acceleration of vascular aging with increasing BP. Importantly, HR had significant and independent influences on SDPTG indices. Because the SDPTG depends not only on arterial properties but also on left ventricular function including stroke volume and ejection duration, 1 these cardiac factors may be responsible for the influence of HR on SDPTG. Gender was also an additional factor for the SDPTG indices, and a similar result has previously been reported. 11 Although the reason for the association of gender with SDPTG indices could not be determined by the present study, it should be noted that body height was significantly correlated with the SDPTG indices, and therefore the gender differences might be due in part to the correlation between body height and SDPTG indices. In fact, the significant effect of body height as a determinant of the travel time of the reflected wave and of the arterial wave reflections has already been demonstrated. 24 However, it is also possible that the gender differences in cardiac performance, arterial properties, and arterial wave reflection exist beyond the effect of body height alone, 25 because body height was not necessarily sufficient to fully explain the gender differences in SDPTG indices on the multivariate analyses.
The BAPWV was independently correlated with age, BP, and HR. The dependence of CFPWV on age and BP has been well established. [5] [6] [7] 26 In contrast, the influence of HR on CFPWV has been controversial. [7] [8] [9] [10] In the present study, HbA 1c was also independently correlated with BAPWV and, for subjects with a high HbA 1c (Ն5.8%), the adjusted risk of having high BAPWV was 4.6 times as high as that for those with a normal HbA 1c . Previous studies have shown a significant correlation between CFPWV and fasting serum glucose concentration 27, 28 and a high CFPWV in diabetic patients. 28 Taken together with these results, the present findings may indicate an important effect of glucose metabolism on the wall properties of large arteries. 29 It is of note that some physiologic factors showed different influences on SDPTG and BAPWV. For instance, HR was correlated positively with BAPWV, whereas it was correlated negatively with the D:A ratio and AGI. It is possible that such opposite effects of HR on SDPTG indices and BAPWV would affect the interpretation of results. Therefore, when various markers are used to assess arterial properties, some different interaction with their determinants should be considered.
There seem to be specific differences between PWV and SDPTG, 7, 14 and the two methods may provide different information about arterial properties at central and peripheral sites. The present univariate analysis showed that SDPTG indices and BAPWV were correlated each other in normotensive subjects but not in untreated hypertensive subjects. In normotensive subjects, when age and BP were taken into account, SDPTG indices were not independently correlated with BAPWV. Some of these results agree with those of a previous study evaluating the correlation between CFPWV and the augmentation index as a measure of wave reflection. 30 The present findings suggest that SDPTG and BAPWV are regulated by different mechanisms, and they cannot be regarded as interchangeable markers of arterial stiffness. The lack of correlation between these two markers in hypertensive subjects may be explained by an expected independent relationship between SDPTG and hypertension-induced change in the wall properties of peripheral small arteries and arterioles. In addition, taken together with the results of our previous study in treated hypertensive subjects, 7 such wall change may be restored partly by medical therapy of hypertension.
A substantial number of studies have shown that CF-PWV correlates with cardiovascular risk and outcome, whereas corresponding data on SDPTG are limited. Only a few cross-sectional studies have shown the association of SDPTG with cardiovascular complications, such as Tables 1 and 2. atherosclerotic alterations 14 and left ventricular hypertrophy 15 in hypertensive patients. To clarify the different clinical significance of SDPTG and PWV, prospective and comparative evaluation of their prognostic value will be necessary.
There are some limitations to the present study. First, PWV was measured by the air-plethysmographic method between the brachial and ankle regions (BAPWV), instead of by the standard method between the carotid and femoral regions (CFPWV). The BAPWV depends on the wall properties of both central elastic arteries and peripheral muscular arteries, and therefore we cannot completely rule out the possibility that the presence of peripheral vascular disease might have affected the results of the current study. However, it seems unlikely because overall results were similar even if 10 subjects (1.2% of the total subjects) having a low ankle/brachial pressure index (Ͻ0.9) were excluded from the analysis. The PWV values for brachialankle regions observed in our study were higher than those for central regions reported previously in other studies; this is probably due in part to the dependence of BAPWV on the properties of peripheral muscular arteries and to methodologic differences in PWV measurements. Although BAPWV has been shown to provide some useful information on arterial stiffness, 4, 20, 21, 31 it does not agree with CFPWV 21 and its prognostic value remains to be established. Second, for the classification of subjects in logistic analysis, arbitrary thresholds of BAPWV and SDPTG parameters were determined by a distribution criterion using the SD of the mean. More precise classification would require the future establishment of normal reference values for these parameters.
In conclusion, the multivariate analysis-based results of the present study in a large population including normotensive and untreated hypertensive subjects indicate that the SDPTG depends on various factors in a manner different from BAPWV. The SDPTG indices may be useful noninvasive measures of vascular aging accelerated by hypertension, even in untreated hypertensive patients.
